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1. Synthesis of Rhodamine-conjugated gelatin
Gelatin was first dissolved in phosphate buffer (pH = 8.1) at 50 ℃ to a concentration of 10% (w/v), followed by the addition of 0.3% (w/v) NHS-Rhodamine (Thermo Fisher Scientific). The reaction was carried out at 50 ℃ in the dark for 8 hours. Subsequently, the mixture was dialyzed against ultrapure water at 40 ℃ in the dark for one week. The dialyzed gelatin solution then underwent freeze-drying, and the synthesized material was stored at −20 ℃.

2. Consideration for triple-phase printing window
As the complicated temperature responses of microspheres may affect the function of the triple-phase system, the stability during the complete printing period and the working window are thus elucidated. The period that the suspension bath is sustained before collapse is defined as the printing window, during which the discrete phase initiates melting while still maintaining its structural integrity. Meanwhile, the diminishment of the supporting component, the discrete phase, significantly reduces the shear stress required to disrupt the microstructure. Therefore, we apply a constant shear rate on the discrete phase at different temperatures and monitor the stress evolution over time as an indicator of the discrete phase’s presence and printing window (Supplementary Fig. 2).
Time-sweep tests and melting morphologies of 50 μm and 100 μm microspheres are shown in Supplementary Fig. 2. At 28 ℃, the discrete phase remained stable, giving an infinite window. At 32 ℃ and 36 ℃, shear stress first dropped due to enhanced microsphere motion and molecular chain dynamics, then peaked as the melting phase stabilized the system. Prolonged heating reduced the peak, indicating gradual loss of the discrete phase. Morphological changes confirmed these trends, showing microsphere melting and disappearance (Supplementary Fig. 2). In this state, the time from the start to when the stress peak diminishes is defined as the printing window period. The printing window of bioinks with different microsphere sizes (100 μm and 50 μm) can thus be estimated: at 32 °C (approximately 600 s and 400 s), it is markedly longer than at 36 °C (approximately 200 s and 150 s). In a standard DS-DLP printing process for a 10 mm-tall structure, the total printing duration required is less than 250 s. This suggests that the required printing process is well within the available printing window at around 32 ℃, ensuring great feasibility of the printing, as we operated in real printing. The stress responses with time are also stable within the printing window without significant fluctuations. We may also find that the bioink failed to sustain the optimal morphology of liquid bridge at 36 °C during printing. This does not indicate persistently unfavorable microstructural dynamics; rather, although the suspension bath was initially formed at 36 °C, it rapidly collapsed due to the fast melting of the discrete phase.

3. Calculation for the rebuilding time in the oscillation time sweep test
Through the storage and loss modulus in the oscillation time sweep test (Fig. 2f), the recovery time (τ) is fitted based on Equation (S1)[1, 2].

                                      (S1)
where G'0 is the storage modulus when the recovery occurs, and G'∞ the storage modulus when the fluid fully recovers. Here, G'0 represents the storage modulus at the onset of structural rebuilding, while G'∞ is the storage modulus stabilizing over infinite time, and τ is the rebuilding time to be fitted.

4. Surface irregularities evaluated by sag-related calculation
TPTG bioink is a thixotropic yield-stress fluid with a recoverable microstructure. When the structural rebuilding rate is excessively slow, the viscosity remains low, ultimately causing bioink deposition on the material platform (e.g., at 36 °C), a phenomenon referred to as the sagging problem[3, 4]. Conversely, excessive sag resistance may result in a rapid viscosity increase, causing uneven deformation in prematurely solid-like regions without leveling (e.g., at 28 °C)[3, 5]. Therefore, seeking a balanced point between sagging and sag resistance in DLP printing is crucial.
	Here, a parameter of Anti-sag index (ASI) is introduced to predict and quantify the degree of sag resistance of TPT bioink, which reflects the stability and rate of yielding transition[6]:

                       (S2)

where Xmil is the conversion factor from m to mil, vc is the characteristic velocity, θ is the direction that bioink flows along under shearing. Other variables are from the Herschel-Buckley model: , where τinitial is the yield stress, K is the consistency index, and n is the flow index. Then, the Herschel-Buckley model[7] is substituted by our constitutive model (Eq. 4) to capture the thixotropic properties, and ASI is updated as:

 (S3)
As shown in Extended data Fig. 3, the sag resistance decreases with printing temperatures from 28 ℃ to 36 ℃, indicating an improvement of leveling out performance. Moreover, ASI at each printing temperature remains declining as the shear rate increases, due to the destroy of internal structures. The liquid bridge morphologies in Extended data Fig. 3 conformed the aforementioned trend that at 28 ℃, it showed an uneven surface with many irregularities without leveling out. As ASI decreases at 32 °C, the bioink is demonstrated to enhance self-leveling capability and a balanced resistance to sagging, offering both sufficient time for microstructure leveling out and adequate solid-like support. While at 36 ℃, the bioink sagged and deposited on the platform.

5. Calculation for the parameter G 
Here, a parameter G indicating the destroy related to the property of microspheres is elaborated as: 

                         (S4)

where mi is the mass of single microsphere, and Mα is the mobility factor of bioink. fρ is the decrement factor accounting for the temperature-induced decrease in microsphere density. The melting proportion of microspheres in the solvent under different temperatures was obtained in Extended data Fig. 1, through which the fρ was also obtained by fitting as . The mobility factor Mα can properly illustrate the mobility of the discrete phase among continuous and melting phase, effectively mirroring the role of damping in the system:

[bookmark: _Hlk221199735]                                                 (S5)
where f(φ) is a correction factor accounting for the reduction of Mα under high volume fraction of particles[8], R is particle radius, and ηs is solvent viscosity. The solvent viscosity ηs is predominantly governed by the melting phase, while the continuous phase is comparted to contribute a secondary but negligible effect. Thus, the Cross–Williams–Landel–Ferry (Cross-WLF) model, classically used for thermoplastic polymers[9, 10], is revised and extended here to describe the viscosity ηs as a function of temperature and shear rate, with details shown in Supplementary text. 6 below.

6. The update of Cross-Williams–Landel–Ferry (Cross-WLF) viscosity model
The original Cross-WLF model is derived as:

                                              (S6)

                                 (S7)

where η0 is the zero-shear-rate viscosity, τ* characterizes the shear stress level of the transition region to shear thinning behavior, and the original glass transition temperature is Tg. D1, A1 and A2 are material constants to be fitted to obtain the solvent viscosity . The first key transition occurs at the glass transition temperature (Tg), where a high polymer material shifts from an amorphous state to a high-elastic state. This transition involves a change from a rigid material with tightly packed molecular chains and limited mobility to a softer, more flexible material with increased molecular motion. Similarly, in TPTG bioink, this process corresponds to the disentanglement of GelMA molecular chains, leading to a transition from a rigid hydrogel to a softer material with extended molecular chains. The next critical transition occurs at the melting temperature (Tmm), where the material becomes a highly fluid, viscous substance with freely moving molecular chains. This parallels the melting of microspheres in TPTG bioink, which renders the bioink flowable. Therefore, the variable Tg is replaced by Tgm, representing the gelation temperature at which GelMA chains disentangle and extend, and the zero-shear-rate viscosity is derived as: 

                                (S8)

Table. 1. The comparable transition of high-polymer materials and TPTG bioink
[image: ]


The melting curve of microspheres (Extended data Fig. 1) illustrated in section 2.3 determines the solvent fraction at each temperature, from which samples were prepared and tested to obtain their shear rate-viscosity curves. By fitting the solvent viscosities at different temperatures to Eq. S6, a temperature- and shear rate-dependent surface function  was obtained to describe the solvent behaviors (Extended data Fig. 5). This surface function presents two distinct stages: the first stage of viscosity increase is primarily caused by the introduction of melting phase, while the second stage is characterized by decreasing viscosity as temperature becomes the dominant factor.

7. Calculation for the structural stability ratio

Since the rebuilding and breakdown rates in Eq. (1) describe the rate of microstructural evolution in the bioink, the ratio between two coefficients,  is here defined as a structural stability ratio, reflecting the relative dominance of structural rebuilding over shear-induced destruction, which provides a quantitative measurement of the damping effects of the melting phase. As shown in Extended data Fig. 5, the ratio increases from 28 °C to 36 °C, indicating stronger rebuilding ability and resistance to disruption, primarily due to the more stabilized dynamics governed by the damping effect of the melting phase. However, under 36 °C the dynamic stability fails to maintain structural stability, since the discrete phase rapidly melts and the supporting framework collapses. Moreover, increasing shear rate disrupts the connectivity of the melting phases, leading to a decline in ratio at each temperature. Notably, no significant loss of structural stability occurs under 28 °C, where microspheres are not melted and no damping connection forms. These characteristics collectively interpret the roles of damping-like melting phase.

8. Table for parameters related to interactions between microspheres
Table. S2. The definition for section 2.3[8]
	Parameter
	Definition

	Ri and Rj
	Radii of microsphere i and j

	εij
	The relative deformation caused by the collision, εij=hij/Rc

	Rc
	The contact radius, Rc=Ri Rj / (Ri +Rj) 

	hij
	The overlap distance, hij=Ri + Rj - rij

	rij
	The distance between centers of two microspheres

	E*
	Contact modulus, E/2(1 - v2); E ≈ 120 kPa is the Young’s modulus and v = 0.5 is the Poisson’s ratio

	njam and C
	njam = 1.5, C = 1 for εij < 0.1; njam = 3, C = 32 for 0.1 ≤ εij < 0.2; njam = 5, C = 790 for 0.2 < εij ≤ 0.6.



9. Calculation for the spring and damping coefficient
In TPTG bioink, the elastic forces f elastic ij between microspheres i and j, such as elastic particles[11] and microgels[12, 13], can be modeled using a modified approximation based on Hertzian contact theory[8, 11]. By summing the elastic forces and overlap distances across all facets, we obtain the equivalent elastic coefficient ke ij of the granular system. The sum of elastic forces from all facets is demonstrated: 

                (S9)

Divided by the displacement, which is the overlap distance from all facets , the elastic coefficient ke ij can be obtained:

                (S10)
The damping coefficient cd ij is obtained as the reciprocal of the mobility factor Mα, which is elaborated in the constitutive model as a constitution of G, and most importantly, can properly illustrate the mobility of the discrete phase among continuous and melting phase, effectively mirroring the role of damping in the system.

                  (S11)
The damping ratio can be thus determined.

10. Constitutive model of TPTG bioink of 50 μm microspheres
As elaborated in section 4.3, the microspheres of 100 μm and 50 μm share the same melting rate curve. In the constitutive model, we input the new parameters of mi, R, η∞ and τ1, to update G and Eq. 4. Through fitting with the rheological data, the curves of TPTG bioink of 50 μm microspheres were fitted (Extended data Fig. 5). Guided by the damping-ratio diagram, it was then employed for DS-DLP printing (Extended data Fig. 5).



Supplementary Figures

[image: ]
Supplementary Fig. 1. Evaluation of the printing window of TPTG bioinks.
(a, b) Time-dependent viscosity of TPTG bioinks containing microspheres with diameters of (a) 100 μm and (b) 50 μm under a constant shear rate above the critical value.
(c, d) Time-dependent morphological evolution of microspheres with diameters of (c) 100 μm and (d) 50 μm at different temperatures, consistent with the rheological results.
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